Abstract: Leaf area index (LAI) is one of the most commonly used ecological variables in describing forests. Since 2000, 1-km resolution Moderate Resolution Imaging Spectroradiometer (MODIS)-based 8-day composites of LAI have been operationally available from the National Aeronautics and Space Administration (NASA), USA, at no cost to the user. In this paper, we present a simple protocol to enhance the spatial resolution of NASA-produced LAI composites to 250-m resolution. This is done by fusing MODIS-based estimates of enhanced vegetation index (EVI), consisting of 16-day 250-m resolution composites (also from NASA), with estimates of LAI. We apply the protocol to derive 250-m resolution maps of LAI for the boreal forest region of northern Alberta, Canada. Data fusion was possible in this study because of the inherent linear correlation that exists between EVI and LAI for the April to 
Introduction
Leaf area is an important factor in terrestrial ecosystems and represents the area involved in: (i) the plant-to-air and air-to-plant transfer of gases and particulate matter, (ii) energy transfer and exchange, (iii) eco-physiological processes of evapotranspiration, photosynthesis, and net primary production, and (iv) forest landscape growth and development. LAI is commonly defined as ½ of the total green area of forests, accounting for all sides of the leaves, per unit horizontal ground-surface area [1] and represents the vertical integration of leaf area along the length of forest canopies. LAI is dynamic and varies according to tree species composition, stand developmental stage, site conditions, time of year, and management regime [2] .
Determination of spatiotemporal dynamics of LAI across large areas (e.g., covering hundreds to thousands of hectares) is only possible with remote-sensing-based techniques (e.g., [3] [4] [5] [6] ). These techniques typically rely on establishing empirical relationships between normalised difference vegetation index (NDVI) and LAI [7] [8] [9] [10] [11] . However, NDVI tends to saturate over dense vegetation (LAI > 3-4; [12] ) or during the height of the growing season [13] , despite LAI being dynamic during this time. Since 2000, Moderate Resolution Imaging Spectroradiometer (MODIS)-based 8-day composites of LAI have been made available to the scientific community at 1-km resolution by the National Aeronautics and Space Administration (NASA), USA, at no cost to the user. These products are primarily generated by solving a 3-dimensional radiative-transfer model using atmospherically-corrected MODIS spectral surface reflectance and biome identification [3, 14, 15] . In understanding ecosystem dynamics at large spatial scales, the scientific community would greatly benefit from simple techniques that could be used to improve the spatial resolution of existing products of LAI.
Enhanced vegetation index (EVI, at 250-m resolution [4] ) brings with it two clear advantages over NDVI concerning the depiction of LAI, namely: (i) EVI is sensitive to variations in LAI (NDVI, in contrast, responds more to plant greenness [4] ); and (ii) EVI, unlike NDVI, does not saturate at peak foliage concentrations [4, 13, 16] . Preliminary results from Huete et al. [4] reveal the presence of a linear relationship between EVI and LAI for a number of biomes. Here we attempt to confirm Huete et al.'s observation of linearity for the boreal forest of northern Alberta, Canada, for the April-October period of [2005] [2006] [2007] [2008] . Evidence of a strong linear correlation between EVI and LAI would provide basis for augmenting coarse-resolution images of LAI with data fusion methods.
The data fusion technique by Hassan et al. [17] , which we implement in this study, was first developed to enhance images of growing degree days (GDD; a temperature-related index developed from MODIS-based land surface temperature [13, 17] ) from 1-km to 250-m resolution using images of EVI (at 250-m resolution) as basis for fusion. Data fusion was possible in this study because of the strong linear correlation between GDD and EVI (r 2 = 0.87; [13] ). The method by Hassan et al. [17] differs from other data fusion techniques due to its dependence on the relationship between ecologically-correlated variables rather than on spectral similarities between reflectance bands [e.g., 18, 19] . Figure 1 shows the extent of the study area and landcover for northern Alberta (MOD12Q1 v. 4; annual 1-km resolution composite of 2004 MODIS images of landcover). The study area extends to the northern boundary of the Province of Alberta in the north, ~200 km inside the Province of Saskatchewan to the east, just south of the City of Edmonton to the south, and ~25 km inside the Province of British Columbia to the west ( Figure 1 ). The majority of the study area is characterised by (i) a boreal plains, forest-dominated landscape consisting of 71.4% needleleaf and 0.9% broadleaf forests, and (ii) a colddry climate [20] . Tree species common to the area include trembling aspen (Populus tremuloides), balsam poplar (Populus balsamifera), white spruce (Picea glauca), black spruce (Picea mariana), and jack pine (Pinus banksiana). In poorly drained areas (i.e., fens and bogs), tamarack (Larix laricina) and black spruce often dominate. For Fort McMurray, near the centre of the Athabasca Oil Sands Region (56°39.0'N latitude, 111°13.2'W longitude; Figure 1 ), the mean annual temperature and annual precipitation for the 1971-2000 normal period are 0.7 °C and 455.5 mm, respectively. The January and July mean temperatures for the same period are −18.8 °C and 16.8 °C [21] .
Methods

General Description of the Study Area and Data Requirements
MODIS-based products used in this study included (i) fifty two 8-day and twenty six 16-day composites of LAI and EVI (i.e., MOD15A2 v. 5 and MOD13Q1 v. 
Image Pre-Processing
LAI and EVI images for the 2005-2008 and June 2009 periods were re-projected to UTM (NAD83), Zone 12. In order to generate images for the entire study area, it required that two adjacent scenes of both LAI and EVI images be mosiacked.
Based on a preliminary cell-by-cell evaluation of average LAI (at 1-km resolution) and EVI (at 250 m) for the growing season of 2006 (Figure 2) , it was observed that acceptable correlation existed within 80% of the data for needleleaf forests (r 2 = 0.57). High noise to signal ratio in the data ( Figure 2 ) was most probably associated with (i) inconsistency in temporal and spatial resolutions in the MODIS-based products used in this study (8) (9) (10) (11) (12) (13) (14) (15) (16) day averages over 250-m to 1-km resolution), and (ii) spatial variation in atmospheric transmissivity and other extrinsic factors that affect LAI calculations based on satellite data. To reinforce the signal between LAI and EVI, values were averaged across the entire study area (irrespective of biome) for each 8-day period. Similar averaging schemes have been used by other researchers, e.g., [16] , to reduce variability inherent in satellite data. Temporal behaviour of 2005-2008 mean values was then used to determine the degree of correlation between "study area" LAI and EVI (see Section 3, for more details).
Data Fusion
Data fusion, after Hassan et al. [17] , involves the generation of an artificial image (AI), which takes into account statistical properties of EVI within a 3 cell × 3 cell moving window, i.e.,:
where EVI ins is the instantaneous point-value of EVI and EVI mean is the mean of all EVI values inside the moving window. In theory, AI can be viewed as an index that describes the relation of an instantaneous value of EVI to the mean value of EVI of surrounding pixels, and functions as a weight in the calculation of LAI at 250-m resolution, i.e.,:
where LAI 1 km represents the initial NASA-produced MODIS image of LAI at 1-km resolution. Calculation of LAI is performed after each measurement session with the assistance of sensor-specific processing software available with the purchase of the equipment. Figure 3 shows the temporal behaviour of LAI and EVI for the April-October period of [2005] [2006] [2007] [2008] . It revealed that both LAI and EVI followed near parallel tracks with a distinctive peak each year at around 20 July [day of year (DOY): 201; Figure 3a- Table 1 , for additional statistics). For all cases considered, the p-values were <0.0001.
Field-based LAI Data Acquisition and Processing
Validation of MODIS
Results and Discussion
In this study, we assume that the 1-km resolution images of LAI have been previously validated by NASA [3, 14, 15] . As a result, examination of the level of agreement between mean values of LAI at 250-m resolution and the original values at 1-km resolution serves as an appropriate means of validation ( Figure 5 ). For each of the landcover types identified in Figure 1 , Figure 5 provides some sample calculations for six arbitrary 1-km pixels. It revealed that the mean LAI at 250-m resolution compared to the original LAI at 1-km resolution were nearly similar for two landcover categories, i.e., (i) 3.6 vs. Figure 7 ), characterised by coarse sandy soils and a predominance of low-productivity jack pine stands in the dryer areas and an abundance of wetlands (fens and bogs) in local depressions [22] . Figure 1 ). Open circles in the centre, along the road network (green lines) and elsewhere in the image, denote the sites where field-based measurements of LAI were acquired.
To provide further validation of Hassan et al.'s method [17] , we have also compared the LAI-values acquired from the field with those developed by data fusion (Figure 8) . It revealed the presence of a strong linear relationship between estimates for 72 of the field sites (i.e., r 2 = 0.71 and slope = 0.70; Figure 8 ). LAI for three sites near open water were removed from the analysis, because at 1-km resolution the MODIS sensor was unable to discriminate the LAI-site characteristics from the adjacent water body-a feature that could not be corrected with data fusion. Of the 72 MODIS-based LAI used in the analysis 71% of the values fell within ±20% of the field-based values. Twenty percent deviation between satellite-based and field-based estimates is common when ecological systems are concerned [23, 24] . This discrepancy is most likely a characteristic of the fact:
(i) Field-based measurements are collected at a particular time of a day, whereas MODIS-based estimates are generated from 8-and 16-day composites, and (ii) Field-based measurements are collected by sensing the canopy from below, and as a result the measure of LAI cannot account for the understorey component. In contrast, RS-based methods measure LAI from sensing the top of the canopy. Under sub-optimal overstorey densities, understorey canopy effects are most likely to influence sensor readings and subsequent calculation of LAI. 
Concluding Remarks
In this paper we demonstrate a relatively strong linear correlation between LAI and EVI. Because of this linear relationship, we can use an existing data fusion technique to enhance existing LAI images (at 1-km resolution) with EVI (at 250-m resolution). Reasonable agreement was obtained when pointestimates from spatially-enhanced LAI images for June 2009 were compared with their field-based equivalents collected at the locations where the field measurements were taken. Having the ability to enhance existing LAI products is critical to our understanding of earth-system processes at moderate spatial resolution over large areas.
